A PCR-based sex determination assay for sheep and cattle embryos was developed using mouse embryos for optimizing the protocol. Samples were lysed either enzymatically or by alkaline treatment followed by enzymatic amplification of DNA from the ZFY/ZFX locus. Sex diagnosis could be done after the digestion of the amplified product by restriction endonucleases. Ovine and bovine embryos could be sexed from biopsies as small as 1-4 cells. Some embryos were split into 2-4 sections, which were amplified separately. Blind trials with such samples demonstrated that the method was highly accurate, even when embryo biopsy was done under farm conditions. The protocol involves an in-built control. This eliminates the need for autosomal control primers, which often inhibit the amplification of the Y-chromosome-specific DNA, especially when a small amount of template is used.
Introduction
The production of offspring of the desired sex from livestock species is becoming a reality. Although the method of choice would be the separation of Xand Y-chromosome-bearing sperm prior to AI, the only application that can be used in practical conditions at present is to sex embryos in connection with embryo transfer. Various approaches have been used to determine the sex of embryos (for a review, see Van Vliet et al. 1989) , and at present the technique utilizing the polymerase chain reaction (PCR) seems to be the most effective one.
PCR involves the enzymatic amplification of DNA with the help of oligonucleotide primers (Saiki et al. 1985) . By annealing to specific sites of the genomic DNA, the primers define the initiation site of DNA synthesis. When primers anneal on opposite DNA strands, the intervening DNA sequence can be amplified in an exponential manner. This is possible by repeating each amplification cycle, which involves heat denaturation of the DNA, primer annealing and DNA synthesis.
The emergence of thermostabile polymerases for DNA synthesis (Saiki et al. 1988 ) has greatly increased the applicability ofPCR. The greater speed has made it possible to sex embryos on the same day as embryo recovery and transfer are carried out. Several authors have reported successful amplification of male-specific DNA from embryo biopsies (Handyside et al. 1989 , Bradbury et al. 1990 , Herr et al. 1990 a, b, Schröder et al. 1990 , Bredbacka et al. 1991 , Peura et al. 1991 , Setiabudi and Gustavsson 1991 , but further development is needed to make embryo sexing a more straightforward and a more reproducible technique.
The lack of male-specific amplification product can be caused either by a female biopsy serving as the target or by unsuccessful amplification conditions. To test the amplification success, an autosomal primer pair can be added to the reaction mix. Flowever, this usually leads to a decreased yield of the male-specific product, sometimes at levels below distinction. Usually this is not a problem when a large amount of DNA is available as template, but for sexing embryos only a few cells of the embryo can be sacrificed. Thus, the testing of the method should be done with a limited number of cells, preferably with embryonic cells. This introduces another problem, the availability of embryonic material for optimizing PCR conditions. Livestock embryos are expensive, and embryos from other species can usually not be used because the male-specific primers tend to be more or less species-specific. This paper presents a PCR protocol for sexing bovine and ovine embryos without the need for autosomal control primers. The amplified sequence is within the ZFY locus. This locus is present on the Y chromosome of all placental species and has a homologue on the X chromosome (Page et al. 1987) . In the mouse, there are two homologues on the Y-chromosome, one on the X-chromosome and a fourth autosomal homologue. Male and female products can be identified due to differences in the restriction fragment length polymorphism (RFLP) of the ZFY/ZFX locus (Aasen and Medrano 1990). Mouse embryos were used for optimizing and testing the protocol.
Material and methods
The oligonucleotide primers were modified after Aasen and Medrano (1990) to match the mouse ZFY sequence as reported by Ashworth et al. (1989) . The primer sequences were the following: Pl-SEZ: s'-ATA ATC ACA TGG AGA GCC ACA AGC T-3' P3-3MZ: s'-GAG CCT CTT TGG TAT CTG AGA AAG T-3' Initial optimization of PCR parameters was done using DNA extracted from tails of female and male mice after overnight incubation in proteinase K followed by phenol/chlorophorm and ethanol precipitation. The sample amount was approximately 80 pg.
Further optimization was carried out with embryos recovered from mice superovulated by standard procedures. Fresh, refrigerator-stored or frozen cattle and sheep embryos were biopsied using the 'scratched-bottom' technique (Bredbacka 1991). Biopsies were transferred to microtubes with a micropipette having an inner diameter only slightly larger than the diameter ofan embryo.
In some instances, siliconized pipettes were used.
Up to four portions from each embryo were separately amplified and the accuracy of the method was measured in a blind test. Prior to PCR, the cells were lysed either by 1-hour incubation withproteinase K at 37°C followed by inactivation at 99°C (8 minutes), or alternatively by a modification of the sperm lysis described by Cui et al (1989) . In the latter method, the sample, which is in 1 pi of medium (PBS+ 4 mg/ml polyvinylpyrrolidone), is added to 2.5 pi of 200 mM K.OH/50 mM dithiotreitol and incubated for 10 minutes at 65°C, followed by neutralization with 2.5 pi of 900mM Tris-HCI (pH 8.3)/200 mM HCI.
The final PCR mixture contained the sample in 10-100 mM Tris-HCI (pH 8.8), 1.5 mM MgCl 2 , 50 mM KCI, 0.01% gelatin, 0.1% Triton X-100, 0.2 mM dNTPs (dATP, dTTP, dGTP, dCTP), 1.25 1U Taq polymerase (Promega) and 20 pmol of each primer. The reaction mix was overlaid with 25 pi of mineral oil (Sigma). The 'Hot Start' technique was used to initiate the reaction: during the first denaturation step, the dNTPs were added through the oil layer of each tube. The final reaction volume was 25 pi.
The samples were amplified at the following temperatures: initial denaturation at 94°C for 3 minutes, then 10 cycles of 1 minute at 94°C (denaturation), 50 seconds at 52-60°C (annealing) and 30 seconds at 72°C (extension). In the following 30 cycles the extension step was 45 seconds, and in the last 10 cycles it was 1 minute. In the last cycle the samples were held at 72°C for an additional 5 minutes.
After PCR amplification, 10pi from each sample was digested with suitable restriction endonucleases. The ZFY/ZFX product from mice was digested after the addition of 4 IU of Haelll and 10 pi of 10 mM Tris-HCI (pH 7.5), 18.5 mM MgClj and 50 mM NaCl (total reaction volume 20.4 pi). Sheep amplification products were added to 5 1U of Sad in 10 pi of buffer A (Boehringer Mannheim). Cattle PCR products were incubated with 5 IU Pstl in 10 pi of buffer H (Boehringer Mannheim). All digestions were performed in 37°C for 60-90 min, followed by 15 min at 65°C to enhance the separation of the products. DNA fragments were separated by electrophoresis (3 % agarose stained with 0.5 pg/ml ethidium bromide). The fragments were visualized and photographed under UV illumination. In the mouse, Haelll cuts within the ZFX but not ZFY, yielding two fragments from females (approximately 200 and 250 bp), whereas in males the uncut ZFY product results in a third band, about 450 bp in size (J.F. Medrano, personal communication). In the sheep the ZFY homologue remains uncut with Sad, while the ZFX homologue is digested. Males exhibit three fragments, sized 173, 272 and 447 bp, while females lack the largest one (Aasen and Medrano 1990). Sad also digests mouse DNA in a similar pattern. In the bovine, the ZFY product is digested but the ZFX homologue is not. Consequently, males show three bands (103, 344 and 445 bp) and only one (445 bp) is seen in females (Aasen and Medrano 1990). All assays included male and female DNA sample controls (extracted from blood) and a blank control.
Results
DNA extracted from tails of mice was successfully amplified when 54°C was used for primer annealing, but no detectable amplification was observed using 60°C as the annealing temperature.
Likewise, DNA from mouse, sheep or cattle embryos yielded a PCR product of the expected size using the lower annealing temperature. Biopsies were also successfully amplified, often even when they consisted of one single cell. Although successful amplification was obtained using 52°C for primer annealing, 54°C appeared to give a better amplification yield.
Enzyme digestion of the PCR products yielded fragments of the expected size ( Fig. 1 and 2 ). In the sheep, a few of the female samples showed a weak band sized approximately 450 bp. This was due to incomplete digestion, which could be confirmed after repeated enzyme incubation of such samples.
In bovine males, the 103 bp fragment was weaker than the two longer fragments, as could be expected because of the shorter length. Thus the appearance of a 344 bp fragment was the clearest indication of maleness. In most cases it was possible to diagnose the sex from samples as small as 1-4 cells, although the signals in such samples were usually weaker than those obtained from half or quarter embryos.
Accuracy testing was done with sheep embryos, most of which were of poor quality. When the embryo manipulation and the lysis of samples were done under farm conditions, 21 replicated samples were successfully amplified from 14 embryos after splitting into 2-4 portions. No replicates were obtained from 8 embryos. Of all the samples, 67 % (41/61) could be sexed. All replicates from a given embryo yielded identical banding patterns.
When all procedures were done in the laboratory, total amplification success was 68 % (28/41) when the samples were lysed in proteinase K. With alkalic treatment the success rate was only 32 % (7/22). One misidentification of 15 replicates from 9 embryos was observed. This contamination was most likely due to the use of the same micropipette for handling all the samples in the laboratory. On the farm, a separate micropipette was used for each sample.
Efficiency (proportion of diagnosable samples)
depended on factors such as biopsy size, use of siliconized pipettes, etc. Larger biopsies were more likely to yield detectable amounts of the amplified product. The use of siliconized pipettes appeared to decrease the attachment of embryos to the pipette, thereby improving the efficiency.
Discussion
There are some reports describing livestock embryo sexing based on PCR (Herr et al. 1990 a,b, Schröder et al. 1990 , Bredbacka et al. 1991 , Peura et al. 1991 , Setiabudi and Gustafsson 1991 , but detailed information is often lacking. This is no doubt partly due to the commercial potential of sexing. In this paper a thorough protocol is outlined for sexing bovine and ovine embryos. Although sheep embryo sexing results have been published previously (Herr et al. 1990 b) , this paper is to the authors' knowledge the first to describe in detail PCR-based sexing of embryonic cells in this species.
With the protocol presented in this paper, successful amplification could be obtained from as few as 1-4 blastomeres. This makes it possible to transfer sexed embryos from which only small biopsies have been removed in order to maintain high post-transfer viability. In a recent study (Peippo et al., in preparation) 11 of 13 bovine samples (85 %) could be sexed with the present method when the biopsy size was about 25 % of a morula stage embryo. In the same study, sex was confirmed using another PCR-based sexing method with all embryos (10/10) yielding identical results. In the mouse, two fetuses which were sexed at the preimplantation stage were recovered by caesarean section, both being correctly diagnosed (Kananen, in preparation). Thus, the method appears to be highly accurate, and with proper handling of biopsies most samples can be diagnosed. 5,6 ). Samples in lanes 2-7 were from 5,3, 7 and 3 blastomeres, a quarter embryo, and a half embryo, respectively. Samples 6 and 7 were prepared under farm conditions. Lanes 1 and 8, molecular weight markers. Since the ZFY locus is not the testis determining gene, there is a minor risk of chromosomal rearrangements leading to ZFY-positive females or vice versa. Caution must be exercised to avoid contamination of any source ofplacental mammalianDNA, since the distinction between sexes is dependent on species-specific restriction enzymes. For instance, if murine samples are contaminated with bovine DNA, females will be identified as males, since bovine DNA remains undigested with Haelll. Also, fetal calf serum (or bovine serum albumin) may contain trace amounts of DNA resulting in amplification products. Preliminary trials suggest that this problem can be overcome by exposure to UV light (Peippo and Bredbacka, unpublished) . However, the results presented in this paper would suggest that sample contamination is not a major problem.
Compared to the approaches involving control primers, the time required for restriction enzyme digestion is a disadvantage of the protocol presented in this paper. However, in this study we also examined a faster technique to lyse embryonic cells, utilizing alkaline treatment at 65°C. This chemical approach saves about one hour compared to the enzymatic method, but needs further optimization since only about one third of the samples yielded amplification products in this study.
With the presented protocol, embryo sexing can be performed in about five hours when alkaline lysis of samples is utilized. With faster temperature cycling it is very likely that the protocol can be shortened even more, thus making embryo sexing under field conditions more practical.
Since the primers have a universal nature, initial testing can be performed with mouse embryos. It is quite possible that different laboratories may need to adopt some minor modifications of this protocol.
Therefore the possibility of using mouse embryos in the optimization process is an advantage, particularity when the sheep embryo sexing protocol is being optimized, since both species can be sexed with the same protocol. It may be possible to test the conditions with blood or any other source of DNA, but there are some limitations to this. For instance, the control of the amount of template is better with embryos or embryonic cells than with a highly diluted DNA solution, which at very low concentrations may totally lack the template sequence. Furthermore, embryonic cells appear to be more resistant to lysis than many other cell types.
Basically embryos from any mammalian species could be sexed by the method presented in this study, provided that sequence differences exist between the X-and Y-chromosomal products. In ideal situations these differences are recognized by restriction enzymes. Using a variety of enzymes, Aasen and Medrano (1990) showed RFLP differences between the sexes in cattle, sheep, goat and humans, but the RFLPs were identical between the sexes in the horse, pig and rainbow trout. However, polymorphisms thatremain unobserved after RFLP analysis could be detected on the basis of differential hybridization of allele/homologue specific oligonucleotides. This would require sequence information of the ZFY and ZFX loci.
